Patchy magnetic reconnection involves transient field-aligned current filaments. The spatial localization, transient time-dependence, and orientation of these current filaments means they must radiate torsional Alfvén waves. Radiation of wave energy does not come for free-it must load the current which acts as the radiative source. This loading ͑radiation resistance͒ is proposed as the energy sink required for collisionless magnetic reconnection to proceed. Radiation resistance for both inertial and kinetic Alfvén waves is calculated and, for highly collisionless plasmas, is shown to exceed by a substantial factor both Spitzer resistivity and the effective resistance due to the direct acceleration of electrons ͑inertial loading͒. The radiation resistivity is shown to provide the magnetic field diffusivity required for magnetic fields to diffuse across the assumed width of the current filament on the time scale of the reconnection. It is also shown that Landau damping of the radiated waves results in the generation of energetic, field-aligned particles: in the ␤Ӷm e /m i regime the energetic particles are electrons while in the m e /m i Ӷ␤Ӷ1 regime, the energetic particles are ions.
I. INTRODUCTION
Magnetic reconnection allows the global magnetic topology of a magnetized plasma to relax to a lower energy state; i.e., magnetic reconnection involves removing energy from the system.
The topology of reconnection is sketched in Fig. 1 and, in particular, the ''after'' sketch in Fig. 1͑c͒ shows the x-point geometry that is the hallmark of reconnection. Ideal magnetohydrodynamics ͑MHD͒ cannot describe reconnection because ideal MHD does not permit the plasma-frame electric fields required to evolve an x-point and absorb energy from the system. Resistive MHD does allow plasmaframe electric fields and provides a compelling, selfconsistent description of magnetic reconnection based on the diffusion of magnetic field lines across a very narrow layer. The diffusion coefficient for this resistive reconnection is and ei is the electron-ion collision time. For many important situations ei is much too large for the Spitzer resistivity to explain observed reconnection rates. There is consequently great interest in finding collisionless mechanisms which would allow the magnetic topology to relax to a lower energy state. The main such mechanisms considered to date are electron inertia ͑finite m e ) and Hall dynamics ͑finite / ci ).
Hall dynamics allows magnetic field line motion in the center of mass frame, but not in the electron frame. This motion cannot change the topology because no dissipation is introduced. Hall dynamics may therefore catalyze collisionless reconnection, but cannot provide a complete description. In contrast, electron inertia provides a possible energy sink because work must be performed to accelerate the electrons [1] [2] [3] [4] carrying the transient currents associated with reconnection. The power required to accelerate these electrons is P inertia Ӎnm e v e 2 /2 acc where acc is the characteristic acceleration time. Since JϭϪnev z the effective resistivity associated with electron inertia is inertia ϭP/J 2 ϭ c 2 0
2 acc pe 2 . ͑2͒
The associated magnetic diffusion coefficient is D inertia ϭ inertia / 0 ϭc 2 /2 pe 2 acc so that the diffusion width associated with electron inertia is the electron skin depth c/ pe . Detailed models of collisionless reconnection show 1, 4, 5 that the perpendicular scale length for electron-inertia reconnection is indeed ϳc/ pe . Comparing Eqs. ͑1͒ and ͑2͒ shows that inertia / Spitz ϭ ei /2 acc . Thus, if electrons are accelerated to the velocity v z ϭϪJ/ne in a time shorter than the electron-ion collision time, inertial loading will dominate over conventional resistive loading.
The purpose of this paper is to demonstrate that radiation resistance resulting from the emission of Alfvén waves produces an effective loading which, in certain situations, can greatly exceed the resistivity given by Eqs. ͑1͒ and ͑2͒ and should therefore remove energy from the system at a rate much greater than predictions based on Spitzer resistivity or electron inertia. Radiation resistance is inherently nonlocal because it involves the combined effects of time retardation, finite source dimension, and boundaries at infinity. These effects are such that radiation resistance cannot be characterized by simply adding another term to the system of equations. Equivalently, radiation resistance cannot be described 6 by classical circuit theory because classical circuit theory does not take into account time retardation.
The essence of our argument is as follows: ͑i͒ magnetic reconnection necessarily involves localized, transient field-aligned currents; ͑ii͒ these localized, transient, field-aligned currents must radiate torsional waves; ͑iii͒ radiation of these torsional Alfvén waves must consequently resistively load the transient current; ͑iv͒ this resistive loading provides the effective dissipation essential for reconnection to occur.
Modeling radiation resistance requires allowing the radiation to escape: the plasma cannot be in a closed conducting box or be characterized by periodic boundary conditions, because standing waves would then develop which would reflect power back to the antenna, exactly balancing the emitted power. Standard reconnection models invariably assume that the z direction is ignorable or the system is periodic in the z direction; either assumption prevents radiation from escaping to infinity and so artificially suppresses radiation resistance. These standard assumptions also imply that magnetic reconnection is uniformly ͑or periodically͒ distributed in the z direction. In particular, if the z direction is assumed ignorable ͓i.e., a two-dimensional ͑2D͒ model͔, then all points along a flux tube are assumed to undergo simultaneous reconnection. On the other hand, if the z direction is assumed periodic with periodicity 2/k z , then the dynamics of any given point along a flux tube must be duplicated simultaneously by all points separated by integral multiples of 2/k z . Since information propagates at the Alfvén velocity for the time-scales of interest, these assumptions imply a violation of causality because points separated by more than an Alfvén propagation time would have to act synchronously without means of communication.
In reality, magnetic reconnection is not uniform in the z direction, and except for the special case of axisymmetric toroidal systems ͑e.g., tokamaks, reversed field pinches͒, magnetic reconnection is also not periodic in the z direction. Instead, magnetic reconnection is typically localized in three dimensions ͑patchy͒. All the elements of a localized patch must be in nearly instantaneous communication with each other because, if the elements of a patch are not in good communication with each other, then the patch might just as well be split into independent sub-patches. Unless external means ensure simultaneity along the z direction of a patch, the z-extent of the patchy reconnection region must be smaller than the Alfvén propagation distance corresponding to the characteristic time scale. In other words, if is the characteristic frequency of the reconnection process and h is the axial extent of the reconnection region, then in order to have synchronization along the z direction over the axial extent of the reconnection region, it is necessary to have hϽv A . ͑3͒ Figure 1 shows that after the localized reconnection of two initially slightly nonparallel straight flux tubes, the reconnected flux tubes must each have a localized half-twist with the same chirality. This is consistent with helicity conservation as discussed by Pfister and Gekelman; 7 the helicity Hϭ⌽ 2 due to the crossing of the two flux tubes before reconnection equals the sum of the helicities Hϭ⌽ 2 /2 of each of the half-twisted flux tubes after reconnection. However, the system cannot remain in the state shown in Fig. 1͑b͒ because the localized twists in Fig. 1͑b͒ are not an equilibrium state. 8, 9 This is because a localized twist corresponds to an axially localized filament of field-aligned current. In order to satisfy "•Jϭ0 the endpoints of such a current filament must connect to radial inward and outward currents ͑here radial means relative to the flux tube axis͒. These radial currents exert a de-twisting torque on the flux tube which annihilates the original twist and creates new twists which propagate in the form of torsional Alfvén waves away from the reconnection region.
II. TOPOLOGY OF RECONNECTION, MAGNETIC HELICITY, AND TORQUE PROPAGATION
Thus, even without invoking specific mathematical models, it is clear that localized reconnection necessarily involves radiation of torsional Alfvén waves away from the reconnection region.
III. LOCALIZED RECONNECTION AND ALFVÉ N WAVE RADIATION
Our picture of reconnection thus differs from previous models because we assume ͑i͒ the reconnection region is localized to a region of finite axial extent h and ͑ii͒ the reduction of magnetic energy necessary to change magnetic topology is accomplished by radiation of torsional Alfvén waves away from the reconnection region. As support for our hypothesis, we note that experiments 10 in the electron magnetohydrodynamic ͑EMHD͒ regime have shown that EMHD reconnection is associated with broadband radiation of whistler waves, a high frequency wave which likely plays a role in EMHD similar to that of the Alfvén waves discussed here. MHD descriptions of torsional Alfvén waves cannot be used to model radiation resistance, because radiation resistance requires finite E z . Thus, non-MHD torsional Alfvén waves with finite E z must be considered. The nature of non-MHD torsional Alfvén waves depends strongly on the plasma ␤ e ͑where ␤ e ϵ2 0 nT e /B 2 ). This ␤ e dependence corresponds to a dependence on the ratio of the Alfvén velocity v A to the electron thermal velocity v Te .
IV. TAXONOMY OF NON-MHD SHEAR ALFVÉ N WAVES

A. Inertial Alfvé n waves
If v A Ͼv Te ͑which corresponds to ␤ e Ͻm e /m i ) then electron inertia effects govern the wave dynamics. For slab geometry with kϭk x x ϩk z ẑ the inertial Alfvén wave has the
and associated group velocity given by
Because of the minus sign in the x-direction term, the inertial wave is a backwards wave in the direction perpendicular to the equilibrium magnetic field.
B. Kinetic Alfvé n waves
If v A Ͻv Te ͑which corresponds to ␤ e Ͼm e /m i ) then the electron parallel response becomes kinetic. Also, if the ion temperature is comparable to the electron temperature, then finite ion Larmor radius effects become important. Taking these into account gives the slab dispersion relation
ͪͪ ,
͑6͒
where the term involving 3/4 comes from finite ion Larmor radius ͑FLR͒ and the term involving T e /T i comes from parallel electron kinetics. Since the FLR and parallel electron kinetic terms have a qualitatively similar effect, for simplicity we will consider only electron kinetics, i.e., ignore the term involving 3/4. The group velocity for the kinetic Alfvén wave is given by ‫ץ‬ ‫ץ‬k
where s 2 ϭT e /m i ci 2 can be considered as an effective ion gyro-radius. The kinetic wave is a forwards wave in the direction perpendicular to the equilibrium magnetic field.
V. MAGNETIC RECONNECTION AS A RADIATOR OF SHEAR ALFVÉ N WAVES
The wave behavior of the inertial and kinetic regimes differ in many respects, but also have many similarities. Before analyzing these regimes individually, we will first examine what is common to both regimes, namely the following: localized magnetic reconnection is intimately related to the excitation of torsional Alfvén waves ͑also called shear Alfvén waves͒.
From a mathematical point of view, the magnetic field in the localized reconnection region can be described as B(x,t)ϭB z0 ẑ ϩ"A z (x,t)؋ẑ where
Here f (t)ϭ͓1ϩtanh(t/ recon )͔/2 represents the ''switching on'' of reconnection in the characteristic time recon , a is the characteristic width of the current filament in the reconnection layer, 2 ϭx 2 ϩy 2 , and B y0 ӶB z0 . The ''before'' sketch in Fig. 1͑c͒ corresponds to level contours in the z ϭ0 plane of A z for tӶϪ recon when f (t)ϭ0 so that B y (x,t)ϭB y0 tanh(x/a); the ''after'' sketch corresponds to level contours of A z for tӷ recon when f (t)ϭ1. Since the current is 0 Jϭ"؋("؋A z ẑ ) the parallel component of the current is
͑9͒
Because Alfvén radiation has not been taken into account in Eqs. ͑8͒ and ͑9͒, these equations should be understood as near-field equations which apply only in the reconnection region Շa, ͉z͉Շh; this means that a must be smaller than the radial Alfvén wavelength and h must be smaller than the axial Alfvén wavelength. Equation ͑9͒ shows that reconnection effectively adds a filament of field-aligned bucking current of length h and radius a which reverses the initial fieldaligned current that existed before the x-point developed. This reversal can be seen qualitatively by examining Fig.  1͑c͒ : the sense of the xy-plane magnetic field in the reconnection region is counterclockwise in the ''before'' sketch but is clockwise in the ''after'' sketch. It should be emphasized that the actual value of the reconnection time recon is not predicted by our model; recon is an input parameter and therefore the reconnection rate is guaranteed to be recon Ϫ1 . However, whatever recon happens to be in any actual reconnection situation, there must necessarily be a transient fieldaligned current as given by the time-dependent part of Eq. ͑9͒.
We assume that the dynamics in the reconnection region are similar to conventional reconnection models and focus attention on finding an effective dissipation mechanism which allows the finite E z to exist; in other words we are not proposing new dynamics in the reconnection region, but instead are proposing a new dissipation mechanism in the reconnection region. We divide the plasma into two regions: ͑i͒ a control volume of length h and radius a containing just the field-aligned transient current filament I(t)ϳa 2 J z (t) described by Eq. ͑9͒, and ͑ii͒ the external plasma ͑everything outside the control volume͒. The external plasma responds to changes in the control volume, closes the current in the control volume so as to maintain "•Jϭ0, and has propagating Alfvén waves described by the appropriate MaxwellLorentz equations. The tanh(t/ recon ) time dependence in I(t) can be thought of as a half-period of oscillation at a frequency ϳ/ recon . ͑10͒
The transient control volume current thus acts as an antenna of length Ϸh which radiates Alfvén waves with frequency given by Eq. ͑10͒ into the plasma. The length h and oscillation frequency are constrained by the simultaneity condition, Eq. ͑3͒.
VI. PARALLEL DYNAMICS OF ALFVÉ N WAVES
Using the linearized Vlasov equation to describe parallel dynamics, the parallel current may be expressed as
where Z is the plasma dispersion function, 
͑13͒
The parallel dynamics are similar to that of ion acoustic waves and, in particular, it is seen that ion Landau damping ͑the last term in the above equation͒ dominates. Thus, kinetic Alfvén waves should heat ions. Furthermore, the resonant interaction is with ions having velocities vϳv A so that wave energy will go into forming an ion tail with velocity of order v A . This corresponds to a very energetic ion tail, since if the bulk ion thermal velocity were of order the Alfvén velocity, then the bulk ion ␤ would be unity. One therefore expects Landau damping of kinetic Alfvén waves to result in suprathermal ions if m e /m i Ӷ␤ e Ӷ1.
VII. EVALUATION OF THE RADIATION RESISTANCE
The radiation resistance is calculated by adapting to the Alfvén frequency regime a method 12, 13 previously used for high frequency electron plasma waves. The control volume current is related to the fields and currents in the external plasma via Faraday's and Ampere's laws,
where J pl are the currents in the external plasma and J ant is the current in the control volume. Note that "•(J pl ϩJ ant ) ϭ0 so that charge neutrality is always satisfied and currents may flow between the control volume and the external plasma. For an observer located in the plasma at some distance from the control volume, the control volume appears as a field-aligned radio antenna with current density
where I(z) gives the axial distribution of current in the control volume. The plasma currents are determined by the Lorentz equation and since B y ӶB z0 the equilibrium magnetic field in the external plasma can be considered uniform and in the z-direction. The parallel current in the plasma region is given by either Eq. ͑12͒ or ͑13͒ depending on whether v Te is large or small compared to v A . In both cases the perpendicular plasma current is 0 J pl ϭϪiẼ /v A 2 ; this current corresponds to ion polarization current and is the same as the perpendicular current predicted by ideal MHD. From symmetry, J pl ϭ0. We Fourier analyze in z, so all quantities are of the form 
͑18͒
For both inertial and kinetic waves the -component is
Substituting for Ẽ in either Eqs. ͑17͒ or ͑18͒ gives the scalar wave equation For simplicity, we have omitted the Landau damping terms here, but it should be understood that these terms do exist and will ultimately attenuate the wave with a resulting transfer of energy to particles ͑electrons for an inertial wave, ions for a kinetic wave͒.
In the large limit and setting ϭk Ќ , Eq. ͑22͒ becomes the kinetic or inertial Alfvén wave dispersion relations, Eqs. ͑4͒ and ͑6͒. From these dispersion relations it is seen that for inertial Alfvén waves A is positive while for kinetic Alfvén waves A is negative; i.e., the parallel phase velocity is slower than v A for inertial waves, and faster than v A for kinetic waves. From Faraday's law, the magnetic field is
The homogenous radiative solutions of Eq. ͑20͒ are linear combinations of the Hankel functions H 0 (1) (), H 0 (2) (). Substituting the explicit antenna current in Eq. ͑20͒, multiplying by and integrating from 0 to , gives the jump condition in the vicinity of ϭ0,
The causality condition of outward power flow from the antenna means that only solutions having radially outward group velocities are allowed. Since the inertial wave is a backwards wave in the radial direction, only the H 0 (2) function is allowed for inertial waves, whereas since the kinetic wave is a forwards wave in the radial direction only the H 0 (1) function is allowed for kinetic waves.
Thus, using lim s→0 dH 0 (1) (s)/dsϭϩ2i/s and lim s→0 dH 0 (2) (s)/dsϭϪ2i/s the desired solutions for the inhomogeneous wave equations are found to be and the total emitted power will be the Poynting flux through a cylindrical surface infinitely long in the z direction and of radius . This total radiated power will therefore be
or using Parseval's theorem,
͑28͒
Substituting for Ẽ z (k z ) and B *(k z ) gives
where jϭ1 for kinetic waves and jϭ2 for inertial waves. At this point, the behaviors of kinetic and inertial waves differ sufficiently that it is best to consider these waves separately.
VIII. RADIATION RESISTANCE FOR KINETIC ALFVÉ N WAVES
From Eq. ͑22͒ it is seen that for kinetic waves 2 is real only if k z 2 v A 2 / 2 Ͻ1. If 2 is imaginary, then the Hankel functions become pure real, in which case the imaginary part of the integrand in Eq. ͑29͒ vanishes. Thus, radiated power occurs only when 2 is real, so that the range ͉k z ͉Ͼ/v A does not contribute to the integral and may be omitted.
Because the integrand in Eq. ͑29͒ is an even function of k z and ͓H 0 (1) (s)͔*ϭH 0 (2) (s), Eq. ͑29͒ can be written as
(2) (s)/‫ץ‬sϭ4i/s it is readily seen that
so that the radiated power for kinetic Alfvén waves becomes
Since the axial current profile is Ĩ(z)ϭI 0 exp(Ϫz 2 /2h 2 ) its
Fourier transform is Ĩ(k z )ϭI 0 hͱ2 exp(Ϫk z 2 h 2 /2). Using this current spectrum and Eq. ͑21͒ gives
͑33͒
Since hӶ/v A has been assumed, the argument of the exponential is always small giving the power radiated by the antenna to be
Using P rad ϭI 0 2 R the antenna radiation resistance is
Assuming the antenna radius ͑thickness of reconnection layer current filament͒ to be a, the effective resistivity due to
Alfvén wave radiation will be rad ϭa
If we define
then from Eq. ͑3͒ ␣ must always be smaller than unity. Using Eq. ͑37͒ to eliminate h and using Eq. ͑10͒ for , the kinetic Alfvén wave radiation resistivity becomes
This is an important result because it shows that radiation resistivity gives an effective diffusion coefficient D rad ϭ rad / 0 which is consistent with the observed magnetic diffusion rate ϳa 2 / recon . The ratio of kinetic Alfvén wave radiation resistivity to Spitzer resistivity, Eq. ͑1͒, is rad Spitz
Using recon ϳ acc , the ratio of kinetic Alfvén wave resistivity to the inertial resistivity given by Eq. ͑2͒ is rad inertia
͑40͒ Table I lists characteristic parameters for a variety of plasma regimes and gives rad / Spitz calculated using Eq. ͑39͒ and the assumption ␣ϭ1/2. We assumed in Eq. ͑16͒ that the antenna appears to an observer in the far field to behave as a delta-function in the radial direction. Delta-function behavior in the radial direction means that the antenna radius is small compared to the natural radial scale length of the partial differential equation. Since this natural radial scale length is the wave radial wavelength, the antenna radius must not exceed the characteristic radial wavelength of the wave. Equivalently, the antenna radius must be sufficiently small that the antenna radius is in the near-field region ͓see the discussion after Eq. ͑9͔͒ so that retarded time effects across the antenna radius are negligible. Since the perpendicular wavelength is of the order s for the kinetic wave, we conclude that the antenna radius cannot exceed s in order for the antenna to be characterized by Eq. ͑16͒. Recent experiments on the Magnetic Reconnection Experiment ͑MRX͒ 14 indicate that the thickness of the reconnection layer in the kinetic regime is of the order of s . Thus, the antenna radius is bounded from both above and from below by s and so it is reasonable to assume that the antenna current filament radius is aϳ s ϭ(T e /m i ) 1/2 / ci . The characteristic reconnection time recon is an estimate based on observations. Table I shows that radiation resistance is larger than the Spitzer resistivity for all the plasmas listed with the exception of the solar corona which is quite collisional. The values of h are reasonable for MRX 14 and the magnetotail plasmas ͓plasma sheet boundary layer ͑PSBL͒, warm tail lobe͔, but for the large tokamak the radiating current channel would have to go around the torus many times ͑which might be possible͒. The length h for the solar plasma is comparable to the size of solar structures and is probably too large to be considered as an antenna radiating to infinity. It is reasonable to conclude that radiation resistance is consistent with observed reconnection times in the magnetotail provided the current channel width is indeed a, and the axial length of the reconnection region is indeed h. Radiation resistance is also likely important in the MRX experiment and the core of hot tokamaks. For the solar plasma, the current sheet width of 0.1 m is very small compared to the overall dimensions so that it is probably unrealistic to characterize reconnection in this case as the time for a magnetic field to diffuse the distance a.
IX. INERTIAL ALFVÉ N WAVE RADIATION RESISTANCE
From Eq. ͑22͒ it is seen that for inertial waves 2 is real only if k z 2 v A 2 / 2 Ͼ1. Since radiated power occurs only when 2 is real, the range Ϫ/v A Ͻk z Ͻ/v A does not contribute to the integral and may be omitted. Thus, in this case Eq. ͑29͒ becomes 
Using the Wronskian relation as in the previous section, the radiated power becomes
Because k z Ͻ/v Te is assumed for the inertial wave, the upper limit of the k z integration cannot be at infinity and instead must be truncated 13 at k z ϭ/v Te so the radiated power becomes
Assuming again that the argument of the exponential is small in order to satisfy Eq. ͑3͒, the total radiated power will therefore be
where ␥ T ϭv A /v Te . In the limit of a very cold plasma, i.e., ␥ T ӷ1, this becomes As before, the reconnection time is based on typical observations while h is calculated assuming ␣ϭ1/2. From Table II it is seen that radiation resistance should be dominant in the near-earth magnetosphere and also in the magnetotail lobe when cold. In the edge of a large tokamak, Spitzer resistivity, inertial resistivity, and radiation resistivity are all comparable suggesting that significant inertial Alfvén wave radiation should be expected in conjunction with reconnection.
X. SUMMARY AND CONCLUSION
By comparing the magnetic field topologies before and after reconnection, it is seen that reconnection necessarily involves a transient field-aligned current filament. In the kinetic regime the current filament radius is expected to be of the order of the ion gyroradius while in the inertial regime the current filament radius is expected to be of the order of the electron skin depth. The radiation resistance can be comparable to or larger than the inertial resistance for both kinetic and inertial regimes; for very collisionless plasmas, the radiation resistance is many orders of magnitude larger than the Spitzer resistance. If magnetic reconnection is considered as being mediated by an effective magnetic diffusion a 2 ϳ/ 0 , where is an effective resistivity, then radiation resistance is sufficient to support this diffusion in many situations.
Radiation resistance is inherently missing from 2D models of reconnection, because 2D models effectively assume the axial coordinate is ignorable or periodic, and so ignore time retardation effects in the axial direction. In contrast, the analysis presented here takes into account time retardation which has the effect of introducing an in-phase component of E z with J z .
Our analysis is an order of magnitude estimate of the importance of radiation resistance and does not pretend to be a complete self-consistent solution of the reconnectionradiation dynamics. A complete self-consistent analysis would require the solution of systems of time-dependent partial differential equations having sufficient spatial resolution to describe both the fine-scale spatial-temporal structure of the reconnection process and the large-scale structure of the radiating Alfvén waves. Landau damping will be important when collisionality is small, i.e., the regime when Spitzer resistivity is unimportant. Thus, in situations where radiation resistance is dominant ͑or even significant͒ energetic particles should be generated as a result of reconnection. This analysis thus provides a plausible explanation for the energetic particles so often seen to be associated with reconnection. The energetic particles are not created at the site of the reconnection, but are created instead at a distant location where the radiated wave undergoes Landau damping. In the ␤ e Ӷm e /m i regime the energetic particles will be parallel streaming electrons, while for the regime m e /m i Ӷ␤ e Ӷ1 the energetic particles will be parallel streaming ions. Finite ion Larmor radius ͑which has not been considered here͒ would likely result in perpendicular ion heating as well.
ACKNOWLEDGMENTS
Discussions with D. Rutledge regarding return currents in free-space ͑vacuum͒ antennas are gratefully acknowledged.
This work has been supported by the National Science Foundation.
